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Preface

The field of energy dispersive x-ray spectrometry is
progressing so rapidly, that with the resources of some large
scirentific companieé and laboratories devoted almost exclu-
sively to its development, it is difficult to keep up with
the innovations financially or make any contributions tech-
nologically. H:wever, I.think our efforts here to develop
systems with comparable results at lower costs have been
reasonably successful, and the absence of complete automation
1s a more desirahle situation in academic applications.

I would like to thank Dr. G, John and Dr. G. R. Hagee
for the opportunity to do this study, and for their advice
and help in completing it, I would also like to acknowledge
the valuable assistance 1 received from J. Miskimen,

G. Gergal, R. Hendricks, and R. Gabriel of the Physics Depart-
ment and M. Wolfe of the AFIT Shop.

My thanks and acknowledgment also to Dr. R. L. Henpehold
for his advice and the design for the electron gun which 1
used to obtain all the data presented in this paper.

Finally, I would 1like to thank my family for their
patience while my time and erergy were devoted to this pro-

Ject,

wo C. I\'i.C‘lscn. Jr,
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Abstract

The construction and operatiocn of a sy: ‘m for elemental
analysis of macerials by energy-dispersive x-ray analvsis are
described. The majority cf the compunents are found in most
well-equipped physics laboratories while others such as the
2lecrron gun are relatively inexnensive to fabricate. The
Stelgerwalt electron gun provides a beam of electrons which
can be varied in diameter from a fraction of a millineter to
several centimeters. Fluorescent x rays from samples are
excited either directly by electrons from the gun or by sece
ondary x rays produced by using the electrons to excite inter-
changeable thin targets. With electron energies up to 40 keV
and beam currents as high as 300.4A elemental concentratiors

a3 low as 10'7

g and less than 10 ppm have been detected with
short exposures. The sensitivity of this system is compared
to systems which use radionuclides and protois to excite
X rays., All x-ray measurements were made with an intrinsic
germanium detector with a resolution (FWHM) of 200 eV at

<) o4 keV.,
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ELEMEWTAL ANALYSIS OF MATERIALS BY ENERGY-DISPERSIVE ?L;
. SPECTRCMETRY OF X RAYS PRODUCED BY A FOCUSING ELECTRON GUN §

I. INTRODUCTION i

The purpose of thi: thesis was to design, construct,
and investigate the capabilities of a system for qualitative
and quantitative energy dispersive xe-ray spectrometry using
an electron gun and scattering chamber. This was to provide
an additional method of excitation to complement radioisotope

and proton excitation systems also being developed.

T R I

The use of energy dispersive spectrometry becume prace

tical only recently (1966), with the development of detectors

with resolution good encugh to separate the energies of adja-

R U A
— s ——m o

cent elements. Prior to this, the method of wavelength dis-
persion or diffraction was the only one in general use. This
method relies on the Bragg equation relating a photon's wave- ;
length to its angle of diffraction from an analyzing crystal.
It is a very accurate technique but has some disadvantages

when compared to erergy dispersion. One disadvantage is that

only one wavelength at a time can be examined. The geometri-

e e — =

cal alignment of the system must also be very precise and the {
system components are complex, non-moveable, and require a

large amount of space (Ref 23:16)., 1In addition, the complex-

ity of line spectra compared to energy spectra makes identi- ﬁ
fication of elements in the specimen more difficult., By con- J

trast, the complete energy spectrum of a specimen is gen-

erated simultaneously, geometry is not as critical, and the




g
f

GEP/PH/73-16

gystem is less complex.

The development of solid state detectors with silicon or
germaniuvm crystals of high resolution provided the break-
through necessary to mane energy dispersion an accurate teche-
nique, Detectors with resclution as low as 100 eV (FWHM) are
now available as well as some very sophisticatec equipment to
display and analyze energy spectra, Electron microprobes and
microscopes usced as exciting sources can not 011y excite
characteristic x rays in a specimen but also vrovide images
of the surfaces exclited., Systems using thesc sources plus
radioisotope and x-ray tube excitation are avallable commer-
cially which excite the specimen, dectect ani display the
characteristic spectrum, autcmatically strip the background,
integrate the peak areas, :ud provide a gqualitative and quane
titative readout of the elements present within minutes
(Ref 24.18).

Unfortunacely, these advanced systams are very expensive
and their cost may bc p.ohibitive for many university physics
departments. The aim of this project was to buildran in-
expensive system using components generally available in a
college physics laboratory. The only componcnt that was not
in the inventory at the bepinning of the project was the
electron gun which was subsecquently fabricated in the school
machine shop at a cost of approximately two hundred dollars.
The Ortec scattering chamber uscd in the system Ls an expen-
sive piece of equipment, but can be replaced by a simpler and

more suitable design.s This is recommended because of the
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geometrical limitations encountered in this study using the
large Ortec chamber,

Analysis of simple spectral data can be done by hand or
analyzed with the aid of a computer program developed for use
with the CDC 6600 computer, The program provides peak lden-
tification or rejection, and computation of peak areas, rela-
tive intensities and relative detector efficliencies (Ref 3.l1),

An electron gun was used primarily to produce character-
istic x rays in thin transmission foills wiiich in turn excited
characteristic x rays in samples placed in the scattering
chanmber, Selectlve excitatlon was possible using different
foils and the 1limit of detectablility was kept constant
throughout the2 range of elements examined. Concentrations as
low as 0,142 were detected and graphs relating concéntracicn
and intensity were plotted for scveral elements up to 0,01 g
using the tcechnique of evaporating known conceatrations of
metal salts on a mylar backing,

The use of a finely focused beam of electrons showed
promise as an analytical tool for determining the composition
and concentration of elemcnts in thick specimens, Attempts
to correlate intensity and welpght concentration by direct
electron excitation of National Burcau of Standards stesis
with minimal matrix effccts and mathematical unfolding gave
reasonably good results,

The intrinsic germanium detector usced during the exporvl-
ments pave consistent 200 eV (FwHM) resolution and was able

to detect and resolve elements as low as aluminum, although

the efficiency drops off rapidly below chlorine, The
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detector will efficiently measure photon energies up to (00
keV which includes the K x rays of all elements through
americium. The escape peaks inherent with the use of jere
manium detectors can be minimized by the selective us: of
target folls. The use of a silicon detector will in.rease
the efficlency of detection of elements below 2=30, and allow
the {nvestigation of elements as low as oxygen, but does not
compare in total energy range to germanium,

This report is organized into six main sect‘ons, Sec-
tion II deals briefly with the theory of x-ray |roduction and
analysis, and Section 1II describes the equipm:nt used in the
experiments, Section IV is a description of che experimental
set-up and procedure, while Section V is dev."ted to the anal-
veis of the data and discussicn of the recults., The conclu-
slons and recomwendations are presented in Sectlion VI, and

statistics and auxiliary date in the Appcadices,

“anWWWWW\MMHWwWM b
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II. THEORY

The theory of x-ray production and interaction, and the
interpretation of energy dispersive x-ray spectra are dis-
ci.s8ed in this section. The enerpy spectrum is the end prod-
act of a series of processes which must be understood to

btain accurate data and analyze results. Such factors as
fluorescent yield and cross section which govern phcton
interactions and x-ray intensity must be covered plus the
differences between charged particle and photon generation of
X rays.

Both particles and photons also undergo interactions
which do not contribute to the characteristic spectrum.
lnese interactions combined with imperfections in the detec-
tion system produce background which can obscure desired
data.

The interactions which can occur between characteristic
X rays in the specimen matrix must also be knownr and elimi-
nated Lf quantitative analysis is to be accomplished.

All of the processes or phenomcua which affect the use
of energy dispersive spectrometry are considered briefly in

the following discussion.

Production of X rays
X rays are produced in a two-step process in which a
quantum cof enecrpy, either a photon or a charged particle,

must first interact with an atom to eject an inner shell

electron, The atom then de-cexcites by the emission of an

i i e 4 4‘
T R W e
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X ray or Auger electron, The electron cannat be cemnoved
unless the incldent quantum has an encrgy jreater than the
energy which binds the electron to the nucleus, When the
vacancy is filled by an ovter shell electron, that electron
must gilve up energy to occupy & more ti; itly bound shell and

ttle x ray emitted durirg the transition is exactly gqual to

- the energy difference between the two thells., Binding ener-

gles increase with atomic number becavse of the change in the

attractive force between the nucleus and orbital electrors.
Thus the energies of x rays emitted .n transitions betwzen
electron shells are characteristic »f particular elements,

The intensitiecs of transition. between varlous electron
shells in an atom depend on the piobability of thelr occur-
rence which may be calcilated trcn the principles of quantum
mechanlcs, Fig. 1 is a partial ~nergy level diagram showing
some of the possible transitioni, According to the dipole
selection rules, the orbital qiantum number must change by
4+ 1 and the total angular momcntum must change by + 1 or 0
for an allowed radiative transition. Generally the most
probable and therefore most intensec transitions in a scries
are those which involve thc lezst total cnergy change, The
Kx intensity is alvays grecater than the K, , and the L and
L, are similar to cach other and greater than the other L
transitions,

The difference in cnergy between the ground state and
each shell ts called the binding encergy and glves the loca-

tion of the absorption edge, 1t is larger than any fluores-

cent transition since it represents the minimum enerpy
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necessary to eject an clectron from its shell,

Fluorescent Yield

When an atom does not de-excite by x ray emlission, a
competing mode called the Auger effect occurs which results
in the ejection of an electron from another shell. This
creates additional vacancies which may lead to further x-ray
or Auger emission, The K-shell fluorescent yleld is defined
as the probatility that a K x ray will te emitted when a K-
shell vacancy is created, The probability of Auger emission
is high for the K-shells of the light elements and the L-
shells of many elements, The fluorescent yield for thece
elements therefore is low as shown in Fig. 2, and they are
difficult to detect because of their low x-ray intens: -
(Rer 11:183),
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Absorption of X rays

X rays are absorbed in thec same way as all electro-
nagnetic radiation, The loss of intensity, dl, when passing
through an incremental thickness, dx, is proportional to the
intensity, I. The constant of proportionality is called the
linear absorption coefficient,«s, which is the interaction
probability per unit path length for absorption interactions
and is a tunction of the energy of the incideat radiation,

This relationship is written
dI = «4/1dx . (1)
which «fter integration becomes
1= 1" (2)

where I0 ‘s the intensity of :the incldent photons and I is
the intensity transmitted th J.ehh a slab of thirkness, X,
Since photoelectric absorption is most probable when the
energy of the incident radiation is just above the absorption
edge, the value of ../ Lncreases abruptly just as the edge is
exceeded, This can be seen in r.g., 3 which shows the rela-
tionship between the absorption coefficient and the cxciting
energy for molybdenum., Eq (2) L5 a rclativcliy simple rela-
tionship, but very useful when determining transmission or

filtering of x rays through tarpet toils,

Scattering of X rays

The radiation that is not photoclectrically absorbed can

interact with atoms in other ways. If the ecnerpgy of the
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(Ref 1411)
incident radiation is greater than 1,02 Mev, pair production
can occur resulting in the crcation of an elettron-positron
pair., This mechanism is not usually observed in fluorescent
x-ray production because of the low encrgles (E <100 kev)
involved, Most of the non-absorption interaction consists of
scattering collisions with atoms and c.octrons,

Coherent Scatter, Cohercent or Rayleigh scatter occurs

when a photon collides with an atom and chunges direction,

but retains almost all of its origlnal encrgy. Because of

10
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the massive size of the atom compared to the photon, almost no
energy is transferred. Rayleigh scattered photons are not

distributed isotropically,

Compton or Incocherent Scatter., Photons can also inter- )
act with oroital electrons, and during these collisions some

. of the energy of the photon is transferred to the electron,
The total amount is a function of the scattering angle and }

can be computed from the following equations

E' = E (3)
1 + Exp(1-C05 ) ¥
o

vhere
E' = energy of the scattered photon

= encrgy of the incident photon

= angle between the directions of
the incident and scattered photons

M C = rest energy of the electron

X-ray Spectra

Characterlstic X ray, Since each x ray is characteris-

4 o —— o m—— o —e ® e 46

tic of a particular element, the element can be identified in 1

a compound or mixture by exciting the atoms in the substance

and measuring the energles of the emitted x rays, A typical

3 X-ray spectrum consists of peaks characteristic of K and L-

|

| : shell x rays from the sample plus a continuum of background
i , :

' caused by scattering, electronic .. .se, stray cnvironmental

radiation and brcmsstrahlung if electrons or protons are the €

exciting source. ¥

Interpreting the characteristic gpectrum is not always 4

—
e
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a simple process because of interferences, The K, X rays of
some c¢lements are very close in erergy to the K, x ra;’s of
others, and may overlap in the spectrum because of the limi-
tations of detector resoiution, If a K, peak is hidden under
the K, peak of another element, its presence will probably be
suspected only if accompanied by its own K., peak, Then the
combination peak can be reduced to its componcnt parts by com-
paring the K, and K, relative intensities of the two interfer-
ing elements, Interferences can also occur between the K and
L x-ray peaks of different elements and are harder to detect,

Background. The most obvious background is caused by
scattering interactions in both the sample and the detector,

The low end of the energy spectrum is dcminated by Comp-
ton scattering of photons in the detector material, After
colliding with an electron, the scattered pnoton escapes from
the detector, depositing only the energy that it transferred
to the clectron,

The exciting radiation is scattered both coherently and
incoherently in the sample, The Compton scatter appears in
the spectrum as a large broad peak lower in energy than the
radiation from the exciting source, Its exact position
depends on the experimental geometry and can be calculateld
from Eq (3)., The coherent peak is generally less intense
t-han the Compton pecak and appears at an energy correspond-
ing to that of the exciting radiation,

Another source of background involves the production of

photoclectrons in the detector material, If the character-

istic x rays produced by photoeclectric interact:»n escape

™
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without being absorbed in the detector, the total energy
deposited is equal to the energy of the incident photon minus
the K- or L-shell ensrgy characteristic of the detecror mate-
rial, The resulting spectrum peaks are c.i.ed escape peaks,
Large scatter peaks will generally bBe the source of corre-
spondiny escape reaks. Silicon detectors are less affected
by this mechanism than germanium because silicon x rays are
lovwer in energy and are less likely to escape. The photo-
electrons can also escape from the detector surface without
depositing their total energy resulting in a continuous back-
ground that is typically less than 1% of the counts in the
scatter peaks for silicon detectors (Ref 7:124),

A certain amount of nolse is inherent in the electronics
associated with the detector and preamp. The input field=-
effect transitor (FET) in the preamp can be a major scurce of
noise which degrades the resolution of the detector. Most
recent improvenents have been aimed at reducing this noise.
Cooling of the FET combined with the development of a pulsed
optical feedback system have been the most significant
improvements. The optical system replaces resistive feedback
which can add 60 eV or more to the encergy resolution (kef
28:115).,

One of the largest sources of continuvous background has
been identified as charge loss or poor charge collection in
the detector. Toiling on the low encrgy side of spectral
peaks and a non~gausslian peak shape are indications of charge

loss, To alleviate this problem, new detectors are being
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designed with :nprcved geometry that resolt in better defi-
nition of the sensitive vcliume (Ref 7:125),

when charged particles are used as the source of excita-
tion, continuous bremsstrahliung radiation is emitted as the
particles are decelerated in coliisions with atoms and can
constitute a large fraction of the total background. Elece
trons may lose all or only a part of their energy in & single
collision, and therefore a range of bremsstrahlung energies
from zero up to the energy of the electron beam is cbserved,
The maximum intensity occurs at an energy equal to two-thirds
of the beam voltage (Ref 28:1119). The peak to background
ratio of electron-excited spectra increases as beam voltage
increases because of the grzater efficienry of production of
characteristic x rays at higher electron energies,

Protons also emit continuous radiation when they are
decelerated, but the intensity is much lovwer than that
emitted by eleciron: because the irtensity decreases propor-
tionately with the ratio of the squares of the particle
masses. Thus the bremsstrahlung produced by protons is about
(1800)2 times less intense and is nezligible compared to tne
other sources of background (Ref 219},

Fig. 4 depicts a typical energy spectrum including char-

acteristic x-ray peaks, scatter, and background,

Sources of Excitation

Photens, electrons, and protons are the mast commonly
used sources of fluorescent x-ray productior., Photons are

enitted by radioactive isotopes or produced in x-ray tubes

14
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by bombarding eiemental targets with clectrons, and electrons
and prorons can both be used directly to excite characteris-
tic x rays in h specimen, Fig. 5 shows thz relative cffi-
VC1ency of these three scurces for x-ray production and each
source iu discussced individually in the following sections,

Radioisotopes. It can be seen in Fig. 5 that in general,

photon exclitation is the most efficient method of x-ray pro-
duction, Photon emitting radiocactive isotopes are used ex-
tensively in energy dispersive spectrometry, but they have
some serious disadvantages. Most isotopes emit a variety of
different energy photons and particles which result in numer-
ous scatter peaks that can obscure the characteristic spec-
trum, The major disadvantapge of radlioisotope use though is
their low activity and the long counting times required to
collect data, High intensity sources with activities equal
to or greater than onc curie are available, and wou d reduce
counting times, but they arc hazardous to handle and diffi-
cult to srtore when not in use,

Electrons, Electreon excitation has become more co.amon
with the introduction of clectron microprobes, scanning elec-
tron microscopes (SEM), and transmission electron micro-
scopes (TEM). Becausc thesc instruments use extremely small
electron beams to excite a very small volume of the sample,
the proportionality between mass concentration and relative
x-ray intensirty is found to be generally valid and can yield
an accuracy of 1% (Ref 144), The SEM, for example, produces
a beam less than 100 anpgstroms in diameter, and currents in

12

the 1077 A range (Ref 2444). The primary disadvantape of
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electron excitation is the large amount of bremsstrahlung
produced from the deceleration of electrons by inelastic
collisions in thc sample., Quantitative analysis of low con-
centrations is difficult without some method of stripping
this continuous background,

Protons. Protons show the most promise for use in trace
analysis because of the absence of significant bremsstrahlung.
Concentrations as low as 10'11g have been reported using 1.5
MeV protons and predictions of detection sensitivity as low
10-15. tave been

A 6 ALQAV O 1L uauc \L\CL &

i143). Some disadvantages

<)}

of proton excitation are the expensive equipment requireq,
and the fact, shown in Fig. 5, that production efficiency
comparable to electron excitation requires proton energies
100 times higher than the corresponding electron energies.

Fig., 5 can be‘used to make some other comparisons. The
efficiency of photon production by other photons reaches a
peak at an energy just above an element's absorption edge and
then falls off rapidly as the exciting energy increases., On
the other hand, the production efficiency of charged particles
is lowest at the absorption edge, and then increases rapidly
with increasing particle energy. The crossover observed in
the photon and electron curves for titanium gives an indica-
tion of when one method is preferred, Electron excitaticn
has been shown to be more sensitive for elements below aa
atomic number of 30 while photon excitation becomes the more
sensitive source above 30 (Ref 28:124),

X-ray Tubes and Electron Guns, X-ray tubes and e.ectron

18
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{ guns combine some of the advantages of both electron and pho-
. ton excltation. The photons produced by clectron bombardment
ot target folls can be used to excite specimens wich much
greater intensity than:radioisotopes. The outpul of an x-~ray
tube or gun can be controlled by varying the acce)l ra<ing
’ voltage and electron beam current, and the x rays preduccd
depend on the element used for the anode or target, ‘Lthe
spectrum of an unfiltered tube can be almost entirely
bremsstrahlung, while transmission-tyoe anodes produce up to
H eighty-five per cent characteristic radiation. The thickness
of transmission targets can be increased to further reduce
the transmission of bremsstrahlung, since an element is an
efficient filter for its own radiation. But an optimum of
three to five half=thicknesses has been reported for trans-

mission anodes, and at thicknesses greater than this too much

L ST O T

d of the characteristic radiation is attenuated, resulting in
greatly reduced intensity (Ref 15:3),

The use of secondary targets which are shielded from the
7 electron beam and are excited by « rays and bremsstrahlung
: from the primary target is another method for reducing the
E continuous backpround, It cannot bec ecliminated completely
i becausc a sipgnificant amount cf the bremsstrahlung will gcat-
ter from the secondary target rather than excite it,

A better method of purifving the source radiation is
with the use of balanceud filters, sometines called Ross fil-

ter pairs. The procedure is to adjust the thicknecss of two

' filters of different elements, so that thelir cransmission of

19
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X rays is ncarly equal except for a narrow e.icrgy band bee.
tween thelr abtsorption edges, For example, a pair of cobalt
and iron fllters have a pass band between 7.11 keV and 7,709
keV, which are the absorption edges, This will allow nickel
K. x rays (7.47 keV) to be secparated from nickel K, x rays
and others close in atomic number to iron and cobalt., The

x rays in the pass band are isolated by measuring the radia-
tion from the specimen through first one filter and subtracte
ing from it the radiation from the specimen measured through
the second filter, Fig. 6 shows the transmission character-
istics of nickel and copper filters, According to J, R.
Rhodes (Ref 261266), to balance the filters at a given energy,

their transmission must be equal for that energy so that

80 Pass Band ,
% —= ——-—--=Nji
n Cu
n O0F g
2 ;
{
Z |
: :
- i
= 3
Ll !
& :
%E 0O 1 - ! 1 !
5 7 9 11 13 15
X-RAY ENERGY (keV)

Fip. 6., X-ray Transmission Through Balanced Filters
of Copper and fiickel (From Ref 23:1260)
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- M - (LM
e (Lﬁ a) - e ( b b) (4)

or

MMy = M M, (5)

where A/ 1s the mass absorpiton coofficient and m is the mass
per unit area of elements a and b, 1ne optimum value of m is

gliven by

1.5 + 0.5 . 4
Mopt = m/{_/_z (6)
P (= 44,) ‘

where (/, , and /f, are the absorption coefficients at the top

and bottom of the absorption edge of the element {Ref 2631267),

Electron Range

When using clectrons to excite target foils or excite
specimens directly it is desirable to be able to estimate
thelr range or dcpth of penetration., Electrons do not have
definite ranges or straight line paths because of multiple
scattering interactions with atoms and orbital electrons, and
the straggling caused by large energy losses in collisgions
with other electrons, The range is defined as the total dise
tance the electron penctrates parallel to its initial direcs
tion and is detcrmined empirically (Ref 25;15), The rela-

tionship given by Katz and Penfold 1s
R= 412 E® (mg/cn?) (7)

where E is the cuncrgy of the ciectron in MeV and n is glven

}
|
H
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by
n=1,265-0,09 1n E (8)

for values of E between 0,01 MeV and 3 MeV,

Matrix Effects

The intensities of characteristic x rays emitted from a
substance which is a mixture of several elements will not
always reflect the concentrations of the elements present,
Absorption and enhancement effects occur which modify the
relative intensities, When the characteristic x rays of
element A have sufficient energy to exclte the characteristic
x rays of element B, the relative intensity of element B 1is
enhanced while absorption reduces the intensity of elenaent A,
1f many elements are present in the matrix, thesc effects can
be very complex. Some elements such as copper and nickel do
not have characteristic x-ray energies that will excite each
other and enhancement and absorption are not observed,

In any quantitative analysis of a substance, matrix
effects, Lf present, must be either eliminated entirely or
determined precisely, One method of eliminating matrix
effects is to dilute the substance of interest an” deposit it
as a very thin, uniform film on a thin sample suppor.., With
the atoms greatly separated and in a very thin layer, it is
assumed that no interaction can occur and a direct linear
proportionality betwecen mass per unlt area and intensity will

exist (Ref 941), The intensity is given by Gunn as

22
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~(f cscd, + «s,c80c(d, ) ox
dl = C csc(b1 e ' ) b dx (9)
where
C = constant of proportionality
I, = intensity of the incident radiatlon

¢,- the angle of the incident beam to the sample
surface

¢§= the angle of the emergent Leam to the sample
surface

/A4, = absorprtion coefficient of the incident beam
A4, = absorption coefficient of the emergent beam
o = sample density

x = sample thickness

If the sample is very thin, no absorption will occur, the

exponential term is unity and
Al = ¢C cscd)1 I, Ax (10)

If the area of the deposit is homogencous and N reprecsents
the number of atoms of the element in the deposit which flu-

oresce, then
AN oAx (11)
and
Al ="' cscdy I AR (12)

The proportionality will remain valid as lonpg as absorption

in the sample is ncplipible (Ref 912).

23

o T e 0

bl

TN IR

1w i

Pt

o ..

ol

ol il




.
GEP/PH/73-16
This relation is particularly useful in trace analy-is

vhere low concentrations are achieved using solutions or

diluted specimens deposited in very thin layers., In this _- ,;,;;;

case, matrix effects can be ignored, 7;
|
!
t
}
|
}
L
|
!
n
{
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II1. EQUIPMENT

Detector-Analyzer System

The equipment used in this work to detect, display, and
store the x-ray spectra is typical of recent energy disper-
sive systems. A schematic diagram of the system components
and their arrangement is shown in Fig. 7. The main compo-
nents are described in the following sections while a com-
pPlete 1list of all the equipment and the optimum control set-
tings can be found in Appendix A.

Defector. The detector used in this experiment was a
General Electric Series 411 High Purity Germanium Spectrom=-

eter mounted hdrizontally in a cryostat. The germanium has

~a 30 mm2 active area and a 4 mm sensitive depth. Because of

the exceptionally high purity (5 x 10lo atoms/cm3). lithium-
drifting is not required and temperature cycling will not
damage the detector. However, the detector is maintained at
liquid nitrogen temperatures to reduce noise in the field-
effect transistor (FET) and improve resolution. An attached
ion pump maintains the detector vacuum at 10"S Torr or less.
The detector preamp features the advanced low noise, pulsed
optical feedback system.

The detection process begins as x rays enter the sensi-
tive area of the germanium through a half-mil beryllium win-
dow. Each 2.98 eV of energy deposited produces an ion pair.
This charge is collected by an applied negative bias of 660

volts, and is proportional to the energy of the absorbed

25
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x ray, The charge is amplified by the FET preawnp whose out-
put 1s a series of steps, each proportional to an x-ray energy.
The baseline voltage of ‘he preamp is reset after each series §
of events by the optical feedback system, The preamp signal 7
is then amplified again, filtered, and shaped into pulses

. proportional in height tc the energles deposited, These g
pulses are then examined by the multichannel analyzer and g
stored 1n memory addresses corresponding to the measured
energies, {

The resolution of the detector determines its ability to ;

separate elements close in atomic number, The standard meas-
ure of resolution is the full width at half-maximum (FwWHM)

and minimizing its value is a primary concern in detector

IR

design. A FWHM of 2C0 eV was obtained with this detector

measured for the 6.4 keV x ray ci iron,

e e

Multichamnel Analyzer, The multichannel analyzer was a g
Nuciear Data Series 2200 moduvlzor sysitem with an integrated |
tape transport for storage and retrieval of spectral data, §
The spectrum was displayed on a Hewlett-Packard oscilioscope %
and printed cutput obtained from a teletype. The system :|

memory provides selection of 512, 1024, 2048, or 4096 chan- i

nels,

Scattering Chamber

BRI 7

A commercioally avatlable Ortec Model 3703, 17-in, i
< diameter scattering chamber wae used for the experiments,

The chamber is forped, anncaled aluminum one-inch thick with

entry and exit ports plus two accessory poris ir the sides,
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It i3 mounted on a welded stcel stand equipped with leveling
screws on each of the three legs. A collimating tube for the
entry poxr't, a Faraday cup, &nd a spun-aluminum dome cover
were also provided by the manufacturer. The bottom of the
chamber has two more accessory ports, electrical feed-
throughs, and a vacuum tleed valve,

The chamber is equipped with a unique positioning mech-
anism which includes two slotted, rotating arms and a rotating
“center sample holder. Each rotating element is independently
contrclied bv a worm drive cperated externally with a crarnk-
type handle. The handle gives 3° of rotation per turn and a
vernier scale allows positioning accurate to 0.1°,

The chamber is evacuated through an accesscry port on
the bottom by an oil-diffusion pump with a 1iquid nitrogen

vapor trap. Using the factory cover, a vacuum of 10'7

Torr
was possible, but with the clear plexiglass cover used during
the experimernts, the minimum vacuum achieved was only 1()'6
Torr. The piexiglass aprparently outgosses and the substitu-
tion of a glass cover would undoubtedly improve the vacuum,
The blank on one of the side accessory ports was removed
and replaced by an aiuminum collar with a 3/8-in, diameter,
one-mil beryllium window. Th=e collar allows the detector
window to be alipgred with che chamber window so that x rays
from the chamber can enuter the detector. The collimating
tube was removed from the entry port and an electron gun was
attached to the chamber. The chamber and associated compo-

nents are shiown in Fig. 8.
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.. . ‘lectron gun is based on a design originally pro-
- posed by K. Steiperwald called a focusing cathode. The
epectfic gun used in this experiment vas deslgned by Dr.
R. L. Hengehold of the air Force Institute of Technology
using data on system parameters reported by F. W, Braucks
(Ref 4.1212).

This gun is very versatile and could have several appli-
~cations in addition to the energy dispersive x-ray spectrom-
etry investigated in this experiment. It has several advan-
tages over conventional electron guns and x-ray tubes. The
gun does rot have to be kept evacuated when it is not oper-
ating, and therefore does not have to be isolated from the
scattering chamber when the chamber is opened to change
samples or targets. Any clement that can be obtained as a
foll can te used as a target allowing seclective x-ray excil-
tation of specimens, It can also be used without targets
for direct electron excitation., Most electron guns must be
kept contininusly evacuated to prevent oxidation damage to
thelr comuonents, while x-ray tubes are permanently scaled
and canrot be modified. The cost of the Steiperwald gun is
much less than the cost of maintaining a variety of x-ray
tubes with diffcrent anodes, In addition, the source of
electrons in this pgun is a 0,005-in. thoriated tungscen filae
ment which 18 casily replaced.

An important featurc of the cun is the focusing capa-

bility. By adjusting the vertical position of the filament

30
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Fig., 9. ELffecct of [ilamenn pPosition on Llectron
Eeam Characteristics (lrom Ref 21248)
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in the focusing cathode, the position of the focal point or
point of minimum beam diameter can be seclected, Beam diam-
eters as small as 0.02 mm are possible at the focal point. A
divergent or unfocused beam may also be selected and in prac-
tice the electron beam diameter can be varied from several
millimeters up to an inch by adjusting the focusing voltage
regardless of the geometrical parameters. However, the min-
imum beam diameter will be obtained only at the distance and
system parameters predetermined by the filament position,
The effect of filament position on beam characteristics is
shown in Fig, 9.

~Construction of the gun was accomplished in the school
machine shop from materials which included aluminum stock for
the majority of the components, stainless steel for the fil-
ament holder, a glass tube to separate the high voltage sec-
tions, and plexiglass rods to join the entire assembly, Fig.
10 is a detailed cutaway diagram of the gun assembly.

The gun is operated by first heating the filament which
emits electrons that are ther accelerated through a potential
difference, The beam is then focused by negatively biasing
the focusing cathode with respect to the filament, The
larger the negative bias, the greater is the pinching or
focusing effect on the electren beam, In this experiment it
was desirable to maintain the scattering chamber at ground
potential, so the high voltage required to accelerate the
electrons was applied to the filament and focusing cathode
assert.l'y, This arrangement made it necessary to float the

filament current supply and focusing voltage supply.
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“'Batteries were sclected as the simplest solutlion to these

power requirements and no difficulties were encountered dur-
ing their use, A six-volt rechargeable automobile baécory
was used to supply the filament current and was adjusted
using a 3,1 ohm slide wire resistor connected as a rheostat,
The output was very stable and recharging when necessary
could be accomplished overnight., A 300-volt dry cell bate-
tery was used to supply the focusing voltage. The output was
selected by a one megaohm potentiometer that kept the current
output low and increased the battery 1life, The batteries and
electrical wiring were housed in an insulated ccntainer
equipped with non-conducting control rods for adjustment of
filament current and focusing voltage,

The high voltage was supplied by a Spellman 60 kV regu-
lated power supply. Fig, 11 is a schemati~ diagram of the
clectrica’ circuits for the gun, high voltage supply, fila-

ment supply, and focusing volvage supply.
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Fig. 11, Circuit Diapgram {or the Electron Gun
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IV. EXPERIMENTAL PROCEDURE

The experimental procedure is described in this section
in three parts. Part one deals with the initial set-up and
equipment calibration plus the determination of the operating
characteristics of the system., The second and third parts
describe the experiments performed usinz both transmission
x-ray excitation and direct electron excitation. Target foil
selection and sample preparation are discussed as they apply

to each experiment.

Equipment Calibration and Operation

The energy calibration of the detector and analyzer was
accomplished by exciting a wide range of pure elements and
recording the channel location of the peaks. A computer pro-
gram was uscd to fit the data tc a polynomial equation and
provide a printout listing each channel and its energy. The
equipment drifted only sliphtly during the experiments and
just one calibration was necessary.

The high voltape power supply was rated at 60 kV, but
because of the larre load created by the electron gun and
assoclated components, only 40 kV were availlable at maximun
output. The full 40 kV was uscd without experiencing elec-
trical breakdown or arcing in the electron pun. The electron
gun emitted beam currents from 1 .wA to 300.«4A using less than
2A of the total 2.8A availablce from the 6v battery. The beam
could be focused or pinched off completely throuphout these

current and voltare ranpes using less than half of the 300v
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capacity of the focusing supply.

The high voltage connection between the power supply and
the electron pgun was made using well-insulated RG-8/U cable
which constituted no hazard even at high voltages. However
some of the other wires, particularly the longer lengtns,
were attracted to each other or grounded components as the
voltage was increased, and constituted a possible hazard,
These problems were elininated by shortening the wires as
much as possible and separating them with wooden spacers,

The electron gun was shielded from accidental contact by a
plexiglass enclosure, as were all uninsulated connections, to
prevent personncl injury.

The correlation between x-ray production and electron
gun output was determined by measuring the change in x-ray
intensity as beam current was varied while holding the accel-
erating voltage constant, The samec measurement was then made
by varving the voltage and holding the current constant. The
observed bchavior was comparcd to predicted values and the
results are discusscd in Section V,

Before performiry; specific cxperiments with x-ray or
electron excitation, the geometrical arrangement which pro-
vided the optimum characteristic intensitics and minimun
background was sought, The electron source and detector were
maintained 90° apart throuphout the study, The variables
investipated included the source-sample arrangement, shiceld-

ing of the sample-detector path, and shiclding of the target

to reduce bremsstrahlung and scattered radiation., The effect
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of target thickness on the transmitted spectrum used to
excite the specimens also was examined,

Various collimating and shielding arrangements were
tried while exciting characteristic x rays in large specimens.
It was noted that despite a pood pcak to background ratio and
low observed level of bremsstrahluneg in the spectrum, the
peak resolution was very poor. It was suspected that this
was caused by low energy bremsstrahlung that was overloading
the amplifier, but was not reflected in the live time, This
had arisen in previous work (Ref 12:25), and the use of
Scotch tape as a low Z absorber had eliminated the problem.
This solution was tried, and by placing five layers of ordi-
nary Scotch tapc over the detector window, the resolution was
restored.

The apparently good background reduction achieved when
exciting the thick specimerns was iradequate when analyzing
concentrations in the microprar range, The shielding arrange-
ment had to be revised to permit detection of 0,1 44g concen-
trations above the backpround, There were two critical areas
for backpground reduction. The first was at the detector wine
dow. The path from the sample to the detector had to be
shielded from scattered radiation while admitting characters
istic sample x rays transmitted through a small solid anple.
0f the two arrangements tried, the long, praded collimator
was the least successful apparently because ef scatter trom
the inside of the tube. The becter arranpement is shown in

Fig. 12 and proved to be satisfactory for all the experimental
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work.

The most critical arca was the target foll. Because of
the size and shape of the scattering chamber, large amounts
of bremsstrahlung were scattered from tne sides and back of
the tarpet foils and entered the detector. Backscattered
electrons probably also contributed to the general level of
backpround radiation by interacting with the chamber. This
continuous backpground was reduced at least tenfold by enclos-
inpg the target and electron beam in a graded tube. The spe-
cimen was excited through a half-inch opening in the end of
éhe tube, and for optimum reduction in background, the tube
had to be extended all the way to the entry port. A slot was
cut in the top of the tube to insert tarpgets and even this
had to be kept covered beccause of the large amount of radia-
tion scattered from the tarpet at 90° to the electron beam.
The complete arranpement of the chamber for transmission
X=-ray excitation is showﬁ in Fig. 12,

Measurements of radiation dose were taken around the
chamber and levels as hiph as 200 mr per hour were observed
at high potenitials with the tarpet unshielded. These levels
were reduced to practically zero with the target in the

shiclding tubc,

Transmission X-Ray Excitation

Tarpet Sclection. The ability to chanpe targets and

selectively excite different ranpes in the enerpy sprctrum is
one ol the advantapes of the electron gun. The range of

e¥xcitation enrrpies available is limited by scveral factors.
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Graded Shield
Al,Cu,Cd,Pb

Electrical
Feedthrough >~\?*

Pb Shields
Top & Sides

—

Al Pt

Fig. 12, Optimurm Geometry for Transmission
' Foil Excitation

40




Ml ) st (N

B sl i i

-

GEP/PH/73-~16

First the desired element must be available as a thin foil,
Secondly, the meliing point and thermal coaductivity must be
high to withstand rhe heat energy created by the electron
beam, Elements such as lead, tin, or cadmium, are not suit-
able usually because of their low melting points.

In this work it was essential to the accuracy of the
results to be able to monitor the electron beam current and
keep it constant during the experimental runs. This was done
by measuring the current directly from the target foil with a
microammeter, utilizing the electrical feedthrough in the
bottom of the chamber, To do this, the target and shielding
assembly had to be insulated from the chamber which was at
ground. With the chamber evacuated, th~ only heat loss would
be through radiative transfer and the rest would have to be
absorbed by the target assembly. Some simple calculations
11lustrate the problem. At 35 kV ani 2004A, the beam will
deposit 7 J/sec in a molybdenum tareet. If the radiative

loss is given by
Quap = 0T (13)

where

Q
f

Stefan-Boltzman constant

€ = emissivity of molybdenum

—
H

temperature in deprees centigrade

The temperature &t which enerpgy input and radiative loss are

equal is 8000° C, well above the melting point of molybdenum,
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However, a molybdenum foil placed in a lead-covered aluaninum
tube was excited by a 35 kv, 2004A electron team for up to
4000 sec during this study with no adverse effects., This 1is
explained ty the large mass of the whole assembly and high
conductivity of the foil, The heat is counducted cfficiently
to the lead and aluminum which absorb it, The temperature

increase can be conputed from

U = MNCT (14)
where
| U = heat input in calorles
M = mass
Cv = specific heat
T = temperature increase in deprees centi-
grade

With a heat input of 7 J/sec, 6692 calories will be deposited
in 4000 seconds, With a mass of 500 g and specific heat of
0.08 cal/g-C°, an increase in temperature of only 167°C will
result, This estimate is siightly high because the specific
heat of aluminum is grecater than that used in the computation,
Continuous runs were limited teo approximately 4000 seconds to
prevent excessive heat build-up, It is obvious that an insue.
lated target foil weighing several grams by itself would not
withstand large power inputs,

Transmission tarpet foils were soupght with a wide range
of K x-ray energies and thicknessecs, The optimum thickness

was found to be taree half-thicknesses based on the experi-

mental geometry and lenpgth of the path between the sample and
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detector, Thicker feils produced tco low a count rate when
exciting samples of low concentration. Timec did not permit
ordering foils from a commercial supplier and it was diffi-
cult to aobtain the desired foils in the exact thicknesses
required. With some elements it was possible to reduce thick
foils by etching or rollirng.

Sample Preparation. The emphasis in the transmission

X-ray excitation was on the quantitative determination of low
elemental concentrations, Previous studies have been made
using liquid solutions deposited on mylar film and evaporated
(Ref 8:1921)., Standard 1000 ppm solutions containing dis-
solved metal salcs were obtained, These could be further
diluted to provide any concentration below 10'4g. To deposit
larpger concentrations, a time consuming process of successive
depocits and evaporations was required, and instead, undis-
solved chemical salts were obzained and additional standard
solutions of 104 ppm and 105 ppm were made, The same chemi-
cal compound was used in all standard solutions of the same
element so as not to introduce additional uncertainties in
the data,

Mylar makes an excellent sample support because of its
durability and the low amount of background it contributes to
the spectruin, The solutions were deposited on 0,25-mil mylar
sheets with micropipets and allowed to evaporate under a heat
lamp. However, the solutions deposited directly or the mylar

were not uniform, The low concentrations had a tendency to

shrink into very small arcas as they dried while the high
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concentrations were sprecad out nuch more, DBetter results were
obtained by evaporating a small amount of a wetting agent on
the mylar before depositing the sample solutions, The solu-
tions then dried more uniformly and were confined to fairly
constant areas, The best procedure used was to deposit 100 A
(0.1cz) of the wetting agent on the hylar and let it dry.

Then 100 A of the sample solution was deposited over the wet-
ting agent producing a sample area about one centimeter in
diameter when it evapocated,

The weights werc calculated by assuming the densities
of the solutions to be the same as water (1.0 g/cc). A 100 )\
drop then weighs 0.1 g and if thc concentration is 1000 ppm,
the drop contains 10'43 of the sample element,

Samples were made using this procedure with concentra-
tions from 10'83 up to 10'23. The samples had to be care-
fully handled, particularly the highei concentrations, to ;
prevent the deposits from flakirng and falling off the mylar, E
Samples such as atmosgpheric dust, blood, and powdered concrete 7
were =xamined and presented even more of a problem in prepara.
tion, Some, such as atmospheric dust, were deposited on the
mylar in a slurry of de-ionized water and a 'hered well when
dry, The powdered concrete was {ixed to the samnle support
with a very light coating of vacuum greasc which did.not con-
tamj nate the spectrum, Blood and some othor substances which
l.ad a tendency to flake when dry could be sprayed with a thin
coating of plastic lacqucr without affecting the observed

intensitles,
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National Burcau of Standards stcels were obtained for
use in analysis of solids. These came 1in rods a half-inch in
diameter, Samples were preparesd by cutting disks 3/8-in,
thick from the rods and turning the faces on a lathe so that

-all the samples were uniform, Samples of pure elements to be
used in the same experiments were machined from solid stock
in the gare size and shape as the stee¢l disk., Before use in
the vacuum chamber they were all cleaned thorouzhly with ace-
tone,

Trace Element Analysis, Experimental runs were made to

measure characterlstic x-1ay intensities emitced from sampies
excited by x rays from transmission foils bombarded by elec-
trons, Samples of each pure element of jinterest were made
from standard solutions in weights from 0,01 «g to (.01 g,
The samples were then cxrited and the intensitles recorded,
Excitation encrgies close to the absorption edges of the
sample elements were used whenever possible, For example,
2-mil copper foils were used to excite chromium and iron
while 5-mil molybdenum was used to excite rubidium and stron-
tium,

Aluminum was tried first as a sample hnldz:, The mylar
sample support was held on a thin aluminum frame by applying
a small amount of silicon vacuum grease to the edges, The
~aluminum was not satisfactory, however, bccause Lt contalned
contaminants such as iron and chromium whi-h produced peaks
in the spectrun, A frame made from 1/8-in, plexiglass pgave

batter results and no contaminants or increase in scatter

were observed, The holder was attached tc the center column
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of the chamber and could be rotated. [he optimum position of
the sample was found to be at a 45° anglc to both the detec-
tor and the cxcitation source,

Initially, each sample was introduced individually into
the chamber, This procedure was time consuming because it
took approximately thirty minutes to change samples and re-
evacuate the chambecr after each run. To save time, a revolve
ing sample holder or carousel was designed which held up to
six samples., The carousel was made from aluminum and a small
increase in background from contaminants and scatter was
observed when it was used., The carousel and its position in
the chamber are shown in Fig. 13. The mylar sample support
is mounted on a plexiglass holder and suspended from onc of
the arms on the carousel, When the center column of the
chamber and the attached spool are turned, an O-ring strectched
between that spool and a similar spool on the carousel turns
the carousel and rotates the samples into position,

Most experimental runs were 1000 seconds long using an
electron beam current of 200«sA and a beam potential of 35 kV,
For each welight, tiirce samples of the same element were
excited and at lcast two runs were taken with cach sample,
The data obtained from exciting the pure samplcs was used to
compile standards relating ohserved x-ray intensity to welght
concentration, Other more complex substances were exclted
under the same expcrimental conditions, and analyzed quanti-
tatively by refercence to the standards.

Several variables had to be monitored to rceproduce the
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same set of conditions for each run. .The electron beam was
affected by the earth's magnetic ficld and its position
varied with electron energy. The beam could be observed by
dusrting the target with a fluorescing powder such as cadmium
sulfide, and its position controlled using an ordinary bar
magnet, Before a series of runs was made, the beam had to be
centered on the target and the position of the magnet noted.
The beam diameter was depcendent on accelerating potential,
focusing voltage, and filament current and all three had to
be duplicated for each run in a series. If beam potential
and current are held constant as filament current is ine
creased, the beam diameter will decrease. This occurs be-
cause the focusing voltage must be increased to keep the beam
current constant as more electrons are emitted from the fila-
ment. During the experimental runs there was very little
variation in the excitation parameters. The high voltage
supply was regulated and varied less than one per cent. Once
the system had stabilized after a few minutes of operation,
the variation in the beam current was less than 5% and it
could be monitored and adjusted when necessary during the
runs. Small changes in the filament current occurred during
the first few minutes of operation as the filament heated up
and the resistance changed. The ammeter used to monitor fil-
ament current did not have a very sensitive scale and these
changes werc not always detectable except by the variations
they producecd in the beam current, This was not critical and

could be compcnsated for by adjusting the focusing voltage to
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keep the beam current constant,

Analysis of Solids., An attempt was made to analyze ele-

mental concentrations in steel standards by selectively
exciting the elements in the samples to determine matrix cor-
rection factors. The assumption was that radiaticn from an
iron target foil would excite only chromium in a matrix cone
taining chromium, iron, and nickel, and that a nickel foil
would excite only chromium and iron. By comparing the in-
tensities emitted from the steel samples and intensities
emitted from pure elements, empirical correction factors
would be computed. Unknowns with the same three element
matrix could then be analyzed using these correction factors
and thelr elemental weight fractions determined,

The first technique tried was to excite the sample3 with
radiation transmitted through a 7-mil iron foil to obtain the
un-enhanced chromium intensity. This was not successful be-
cause a large amount of bremsstrahlung was also transmitted
and excited the iron and nickel in the samples which enhanced
the chromium intensity. The presence of enhancement was
determined by comparing the chromium intensity from the steel
to that emitted by a pure sample excited under the same cone
ditions. 1If matrix effects are not present then the rela-

tionship is given by

m o D m
ICr ICr wCr (16)

where Igr = x-ray intensity emitted by chromium in
matrix m

Igr = x-ray intensity emitted by pure chromium

ot}
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wgr = welght fraction of chromium in matrix m

If the weight concentration computed from the observed inten-
sities is greater than the actual chromium concentration in
the sample then enhancement has occurred.

A second technjique was used in an attempt to eliminate
the transmitted bremsstrahlung. The experimental arrangement
is tllustrated in Fig. 14, A molybdenum target foil was
placed at a 45° angle in a lead-covered aluminum tube with an
opening in the side, The radiation produced by electron exci-
tation of the molybdenum is transmitted through the foil and
leaves the tube at a 90° angle to the direction of the elec-
tron beam. This radiation then excites characteristic x rays
in a secondary iron target which, in turn, excites the steel
samples, This geometry did reduce the amount of bremsstrah-
lung but not enough to eliminate excitation of iron and nickel
by radiation scattered from the iron secondary target. The
proposed experiment was not completed because of the failure
to selectively excite the chromium in the steel samples. The
enhancement observed in each case is discussed in Section V

and compared to results using direct electron excitation.

Direct Electron Excitation
Two experiments were attempted in an effort to analyze
elemental concentrations in steel standards by direct elec-

tron excltation.
Selective excitation of the e¢lements in the sample by

varying the electron beam energy was tried first, By
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adjusting the beam cnergy so that it was just above the K
absorption edge of chromium but below the K absorption edge
of iron it was hoped that only chromium would be exclited,
The chromium was sclectively excited but the efficiency of
production of x rays by electrons was so low at that energy
. (~ 6.0 keV) tnat the pecak was barely detectable above the
continuous background and this experiment was discontinued,

The efficlency of production was much better at beam
potentials above 15 kv, and the continuous bickground could
be reduced considerably by using a finely focused bezm with a !
very small diameter. The second experiment was to use the
focused beam to excite the stecl samples ard correlate the
observed intensities and concentrations by determining the i
amount of enhancement and absorption present., Since elec-
trons have short ranges it was expected that only the sur-
faces of the samples would be excited and thus matrix effects
would be minimal. The electron range in iron, for example, i
is only 1,15 microns at 20 kv,

The samples were mounted on the carousel at a 45° angle
to the electron beam, and were lightly dusted with CdS so
that tho beam could be positioned accurately. The suliur and
cadmium were also excited but their pcaks did not interfere
with the characteristic peaks of the clements in the steel, ?
The experimental runs were all 100 scconds long, and the K
x-ray intensities of the threc elements in the samples were
recorded aftecr each run, 7The beam diameter could be moni-

‘ tored visually and kept constant by adjusting the beam '
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current which was measured directly from the carousel by

insulating it from the chamber with teflon spacers,
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V. DATA ANALYSIS AND RESULTS

System Operation

Since a wide range of electron energies and beam currents
were avallable, their effect on the production of character-

. istic x rays was investipated to determine the optimum come
bination for each exreriment. The x-ray intensities were
measured from pure samples while varying the beam cur-ent and
holding the accelerating potential constant., Both solids and
evapcrated solutions were used as samples. Fig. 15 shows the
results obtained fron a 10'33 chremium deposit excited by
copper x rays, and from a large sample of pure copper excited
by rhodium. The relationship hetween current and intensity
is linear, but the rate of inrrease in intensity becomes
larger as the concentration of the sample clement is increased.

Measuremenrs were then made relating intensity to beam !
potential at a constant current. An empirical equation pre-
dicting intensity as a function of the electron beam poten-
tial for x-ray tubes was determined by Green and Cosslett

(Ref 611). The equation is

I = K(- - 1)1°67 (17)

A
where K = a constant of proportionality

V = electron beam potential

Ek = K-shecll binding energy

The intensities measured experimentally fit this equation

very well, It vas also notcd that the relationship was valid
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for both the intensity of the radiation from the target meas-
ured directly or for the characteristic radiation emitted by
a sample excited by the target radiation., The ratio I/K can
be conputed for a copper foil and plotted as a function of
accelerating potential, This is shown in Fig, 16. If the
ratio is plotted from experimental data obtained by excitcing
a copper sample with x rays from a rhodium target, the result
is the same and the curves coincide, Within the limits of
random counting error, the values of K are the same for all

data points assuming a constant geome-ry and using the E,_ of

k
the radiation whose intensity is measured., The I/K ratios
of several other elements are also plotted in Fig, 16 ahd
show that the rate ot increcase in Llntensity becomes greater
as atomic number decreases, This occurs because the effi-
ciency of production of X rays by electrons becomes greater
as the difference between Ek and electren energy increases,

From the preceding discussion, it can be seen that count
rate increases with both beam current and voltage. For large
solid samples, an adequate count rate can be achieved at low
elertron currents and energies and has the advant:age of de-
creasing the power input to the target. On the other hand,
the peak to background ratio was found to increase with beam
potential,

For trace analysis, both count rate and the peak to back-
ground ratio arc of primary importance, 7The minimum detecct-

able concentration of an c¢lement occurs when the observed

peak rises above the local background by at least twice the
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standard deviation of the background (Ref 24116), Thlis rela-

tio:: 13 written
- = J’.—
Curn = 218 Cseq (18)
where B = background counts
I = net peak count above the background

CStd = concentration of the element analyzed

The ninimum dctecteble concentration incrcases as the square
root of the count rate, and the highest count rate is
achieved at the highest beam current and accelerating poten-
tial available,

The diamcter of the electron beair and the .icgrance be-
tween the sample and the target foll alsc¢ - ‘~cted the x-ray

intensity, The intensity of characteristi.. x rays cmitted

from a sample increased as the target was moved closer to the

sample, At dlstances clcser than 4 cm, little change in
intensity was obscrved and this scemed to be the optimum, At
this distance, with equal beam currents, a small concentrated
beam secemed to produce a sliphtly higher count rate than a
beam with a large diameter., Somc data was taken to show the
relationshi+ »f beam diameter to the other clectron gun
parameters, Thecse data are orescnted in Table I, A large
numbcr of combinations are possible and thesc valuzs do not

represent any maximum or minimum sizes,
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Table
variation of Llecctron Becam Diameter
With Other Syvstem Parameters

IF = Filament Current V., = Beam Potential

B
IB = Ream Current VF = Focusing Voltage

D = Beam Diameter

Vp (V) Ip (a) D (in.) Ve v) Iy ( A)
25 1.5 1/4 82 5
25 1.5 1/2 62 15
25 1.6 1/4 84 23
25 1.6 1/2 64 90
25 1,7 1/4 86 110
35 1.5 1/4 100 8
35 1.5 1/2 76 22
35 1.6 1/4 104 38
35 1.6 1/2 73 110
35 1.7 1/4 108 120

Trace Element Analysisg

The sensitivity'of the systen was determined by trans-
mission foil excitarion of reference solutions deposited on
mylar, The lowest amount detectable was 10°7g and the K
x rays of most elements that were excited with energies close
to thelr absorption cdge were detectable at that level, Chro-
mium and iron were both detectable ro 10'7g when excited with
copner X rays, and rubidium was detected at that weight with
molybdenum x rays, However, when molybdenum x rays were

65 of {ron was detecctable, The

uscd to excite iron, only 107
L x rays of lanthanum which had a {luorescent yicld less than
0.) were detecrted down to 10'6g with a copper foil, Thie

indicates thar the L x rays of heavier elements with higher
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fluorescent yields should be detectable in the 10'73 range.

The intensities emittced from pure samples of iron, chro-
mium, rubidium, and lanthanum were mcasured in concentrations
from 0.14g to 0,0lg, and the results were plotted, Chromium
and iron are shown in Fig. 17 and rubidium and lanthanum in

. Fig. 18. These curves were used as reference standards to
determine rhe concentrations of these elements in substances
of unknown composition., As long as matrix and self-absorption
effects are absent, there is a direct proportionality between
mass per unit area and inctensity, The slopes of the curves
in Fig, 17 and Fig. 18 are approximately unity and the
straight portions represent linearity. When the specimens
become thick and absorption occurs, this linearity breaks
down, The concentrations at which this begins to occur 1is
easily determined from the reference curves, The thickness
at which absorption begins Ls a function of the sample ele-
ment's x-ray energy, and of the amount of other elements
present in the matrix, The chromium curve beglns to break
off at about 400./g, while rubidium with higher energy x rays
that are less easily absorbed, exhibits linearity up to about
1000« 5. These values compare favorably to those reported by

other rescarchers (Ref 10:1)., These limits can also be com-

parcd to those predicied by theory. Rhodes gives an equation

for fluorescent intensity (Ref 263268) which is

' I, «wyr, , y
KL, %0, 1 - exp - (W +))m (19)
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where K = constant combining geometrical factors and
: detector efficlency

Ww_ = fluorescent yield of eclemen: 'a’

73 = photoelectric cross section for the incident
radiation

r = weight fraction of element ‘a’
m = mass per unit area
All = attenuation coefficient at the incident energy

142 = attenuation coefficient at the fluorescent
energy
A specimen is considered thin when
mdy +45) = 0.1 (20)

and Eq (19) then reduces to

I, =WgTaM, (21)

K Io

Setting Eq (20) equal to 0.1, solving for m_ and dividing by

a
the area of the deposit ylelds the concentration at which the
linearity breaks down for element a. The attenuation coeffi-
clents.AVl andlab. depend on all the elements present in the

deposit and are computed by

MoE )M (22)

L
The value computed for rubidium using Eq (20) is 1160.4g ard
compares well with the value determlned from Fig. 18, For
chromium, the computed value is 397.sp which is also very

close to the experimentally determined value., Since the
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solutions used to make the samples are dissolved compounds,
other elements are Llntroduced which affect absorption ir the
specimen, Chromium is obtained from the salt, KZCroq. and
boch oxygen and potassium will absorb chromium x rays., These
other constituents cause the linearity to drop off earlier
than it would if just the chromium were present, It lis
desirable tc use compounds that have the elements of interest
combined with others of low atomic number, However, in many
cases, the most desirable compounds are insoluble and cannot
be used.

Chromium was mixed individually with four other elements
higher in atomic number and excited with molybdenum x rays to
determine when enhancement of the chromium would occur, When
10'48 each of chromium and one of the other elemeﬁts was
mixed and exclited, rno enhancement was observed, At 10'33,
absorption of the chromium in the mixture was the same as that
in a pure sample but no enhancement was apparent, However,

33 of chromium was combined with 10'23 of several

when 107
other elements of higher Z, the chromium was enhanced by as
much as 30% when compared to the intensity from a pure sample,
The reference curves in Figs. 17 and 18 were used to

analyzc the constituents of some complex substances including
atmospheric dust collected in an electrostatic precipitator
and pulverized orchard leaves obtained from the National
Bureau of Standards. The best technique for exciting speci-

mens of unknown concentration was to make szveral runs using

different transmission folls to examine different arcas of
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the spectrum, Elements that might not be detected with a
singie excitation energy can be found using this method, As
an example of the importance of the energy of the exciting
source, a 1,0 mg chromium sample excited with a silver tar-
get results in a peak of 4480 ccunts, The same sample
excited with a copper target gives a peak with 141,127 counts,
thirty times greater,

The N,B.S, orchard leaves was a reference standard and
the amount of each constituent was given, It was not a par-
ticularly good sample for the dilution method becausc a min-
imum of 250 mg was required for guaranteed homogeneity, and
only a few milligrams could be deposited in an area of 1.0
cm2 on the mylar, However, some falrly good results were
obtained using 3,3 mg + 0,1 and 8,0 mg + 0,1 samples, Accord-
ing to the N,B,S,, the leaves contained 3004/g/g + 20 of
iron. The 3.3 mg sample should then contain 0.9«/g + 0,07 of
iron and the 8,0 mg sample should contain 2.,4./g + 0,16,
Excitation of the 3,3 mg sample resulted in a peak with 648
+ 25 counts, A 0,94sg pure iron sample was made from a ref-
erence solution and a series of runs resulted in an average
of 627 + 4 counts in the peak, Neglecting matrix effects,
the weight of the 8.0 mg sample can be computed by comparing
its observed intensity, 1156 + 43 counts, to that of the 3.3

mg sample with the relation

= (23)
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where the U refers to the unknown and the S to the standard,
The computed weight of 2.57.44g + 0.24 compares reasonably
well to the value of 2.4 dctermined trom the N,B.S. data,
Atmospheric dust was also examined and provided an
interesting specimen., It contained a large amount of iron
whose weight was determined by reference to the calibration
curve for iron in Fig,., 18, The quantities of the other ele-
ments were determined from the iron intensity by correcting
for the differences in fluorescent yleld, cross section and.
detector ~fficiency with Eq (21). The incident incensity
and geon crical faciors were assumed to be constant, The
spectrum of a 5.5 mg dust sample excited with a moiybdenum
target is shown in Fig. 19, The counting time was 1000 sec
with a beam potential of 35 kV and a beam current oir 200 4 A,
Table II lists the elcments identified in the sample with the
concentrations of the larger constituents, t‘hen the same
sample was excited with a copper target, the low atomic num-
ber elements were enhanced, For example, titanium had 1380
counts compared to about 30 with the molybdenum target, The
pre once of a cerium L peak was also revcaled by exciting

the sample with copper x rays,

Matrix Effects

Four experiments were performed to investigate the con-
centrations of chromium, iron, and nickel in N,B,S, steel
standards., The first two cxpcriments were conducted with
transmission tarpets as the exciting source in an attempt to

selectively excite the clements in the steel and determine
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Table II :
Contaminants in Atmospheric Dust (5.5 mg)
Time = 1000 sec Iy = 200 4/A Vg = 35 kv

Target = Molybdenum

Element Counts in Peak wgfgé?afijg) % of Sample
Sulfur 25 - -
Potassium 33 —— -
Calcium 2290 297 + 9 5.40
Titanium 30 — -
Manganese 45 . _
Iron 3442 94 + 3 1.70
Copper 27 ____ .
Zinc 625 - 8.3+ 0.5 0.15
Gallium 79 0.89 + 0.2 0.016
Bromine 570 4,74 + 0,28 0.86
Strontium 349 2.1+ ¢,18 0.38
Zirconium 65 -
Lead 1960 13 + 0,43 0,24

correction factors for enhancement and absorption interactions,
The first attempt was made using the radiation transmitted
through a thick iron foil to excite the sample directly.

Since iron x rays will not excite iron and nickel, only the
chromium should have been excited, However, a large amount

of bremsstrahlung high enough in energy to excite iron and
nickel was also transmitted, and the chromium intensity in

the steel was enhanced when compared to a pure sample of
chromium excited under the same conditions, The use of a

secondary tarpget geometry was also tried in an attempt to
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reduce the bremsstrahlung spectrum, and the results were a
little better, but bremsstrahlung transmitted through the
molybdenum foil and scattered from the iron secondary still
produced enough iron x rays in the steel to enhance the chro-
mium intensity., The results of these two experiments com-
pared to the actual chromium conceritrations in the steel
alloys are shown in Table III.

fable IIX

Enhancement of Chromium in Steel From an Ircn Target
Used as Both a Primary and Secondary Exciting Source

Chemical Concentration

Alloy of Cr (%) Primary (%)2 Secondary (%)a
845 13.31 ' 20.85 4+ 0.59 19,02 + 1.1
846 18,35 28,90 + 0.73 26,90 + 2.0
848 9.09 15.67 + 0.56 12,23 + 0,83
850 2,99 5.96 + 0.30 4,19 + 0,46

4petermined by comparison to pure Cr excited under the
same conditions.

The final two experiments were conducted with direct

electron excitation, Selective e cltation of the elements in

the steel standards was attempted first, With the electron
beam energy just above the absorption edge of chromium and
below that of iron, it was possible to excite only the chro-
mium, But the cfficiency of production of x rays at this
energy is so low that the peak was barely detectable above
the continucus background and no reliable data could be
obtained,

The excitation of the samples with a higher energy beam

and as smali a beam diameter as possible gave better results,
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The reduction in the size of the becam reduces the total
amount of bremsstrahlung, and the peak to background ratio is
increased because the dead time is reduced. It was found
throughout thn study that dead times in cxcess of about 10%
resulted in lower peak to background raties, Large amounts

' of low energy bremsstrahlung also degrade the resolution in
spite of the Scotch Tape absorber, and the use of the small
beam is required to keep the current low and reduce the total
continuous radiation emitted., The most important result from
the use of a focused beam in this experiment is the reduction

in matrix efrects by reducing the volume of the excited mate-

rial,

The use of beam potentials above 20 kV allowed the sam-
ples to be excited much more efficiently and had the most
significant effect on increasirg the peak to background ratio.
Beam potentials higher than 25 kV should be avoided, however,
because the more energetlc electrons penetrate more deeply
into the sample, Because of the short range of the electrons
in the samples, most of the x-ray production occurred close
to the surface and very little enhancement or absorption was
observed, The four alloys examined were compared with a pure
chromium sample excired under the same conditions and the
agreement with the actual chemical composition was very good,
The results of these runs are listed in Table IV,

If no matrix effects are present and no ditference in
detection efficiency or x-ray production efficiency exists,

' the relative intensities of the elements in a substance

should be equal to their weight fractions, Since the detector
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efficiency for iron, nickel, and chromium is 1007 for the
germanium detector used in this work, correction of the
obscrved intensities for x-ray production efficiency by elec-
trons should yield the actual intensities assuming no matrix
effects.

Determination of thesé productioin efficiencies proved
to be a problem, The efficiency is a function of the beam
voltage, the take-off angle (angle between the emitted X rays
and the sample surface) and the angle of the electron beam to
the sample surface. The angle of the sample to the electron
beam in this experiment was 45° and no data was available for
these geometrical conditlions,

An alternative method was to use one of the samples as a
standard and compute the efficiency raclos, The efficiency
is exoressed in the literature as photons per electron per
steradian and accounts for both atomic welght and fluorescent
yield, The efficiency of production is related to peak

intensity by
€, Ny oC Cq (24)

where

61 = efficlency of production of x rays by
electrons

Ny = number of at:oms/cm3

Cl = nct counts in the photo peak

Two elements in a sample can then be related by

|
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The weight fraction of an element in the cumple is propor-
tional to the number of atoms and the density by the relation
N

V|

(26)
where

wl = weight fraction of an element in the sample

/0, = density

The ratio of the weight fraction of two elements in the

sample can then be determined by

W €y C

1 2 €2 G
= (27)

Wy F1€C

The efficiency ratios determined for the »reference sample
were used to correct the intensities of the other samples,
The results were reasonably close considering the magnitude
of the random counting error at these intersities, The
reocults are priesented in Table IV with the chromium concen-
trations determined by comparison to a pure sample. Since
the three elements analyzed iiccounted for a little s than

100% of the sample, a correction was made in the total inten-

sitics for this difference,
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§ Table 1V

= Compnsition of Steel Estimated by

- ) Direct Elecctron Excitation

% Corrected for (Ccompared

4 Alloy Element  Chemical Wt, Production To Fure

1 (%) Efficiency (%) Element (%)

3 845 Cr 13.31 14,16 + 0,26 14,8 + 0,25

3 Fe 83,20 82,40 + 1.8

4 NL 0.28 0.21 ¥ 0,03

’ 846 Cr 18,35 Reference 18,12 + 0,28

Fe 68.80

: Ni 9,11

848 Cr 9.09 9.16 + 0,26 ,,

3 Fe 85.30 85046 :’_' 2.7 !

2 NiL 0.52 0,26 + 0,05 4

850 Cr 2,99 2,1u + 0,06 3,20 + 0,11

] 1]
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14
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VI, CONCLUSIONS AND RECOMMENDAT IONS

The goal of this study was to construct and investigate
the capablilities of a system for energy dispersive x-ray
analysis which uses an electron gun as an exciting source,
The capabilities of the system for both qualitative and quan-
titative analysis were very good and can be substantially
improved with the modifications recommended in this section,
With 1000 sec counting times, weights in the 10'75 range were
detected, However, this value is limited by the geounetry
imposed by the size of the chamber, The detector could not
be placed any closer to the'sample than 9.5 in.,, and the
small solid angles limit the amount of sample radiation seen
by the detcctor. With the detector positioned a few centi-
meters from the sample, the limit of detection should be at
least an order of magnitude lower,

In a study done currently with this project, the usz of
radioisotope =2xcitation produced minimum detectable concen-
trations of 10'6g, but required long counting timecs even with
the source, sample, and detector only a few centimeters apart,
For example, when the silver x rays from a 3 mC Cdlﬂ? source
were used to exclte atmospneric dust, it took 16,040 sec to
produce an iron pcak with 4400 counts, With the electron gun
and a molyhdcnum tarpet to excite the same sample, 4400
counts wnre rocorded in the ivon pcak in only 10C0 scc.

Proton excitation doune previously by this laboratory

with a 2 MnV Van D¢ Graatf accclerator produced detec:ion of
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concentrations in the nanogram range with counting times leas
than 2000 sec, and éhows promise of even better sensitivity.
A small amount of atmospheric dust deposited on a carbon foil
and excited with 1.5 MeV protons produced an iron peak with

690,000 counts in 2000 sec of operation. The detector in

~this case was located approximately 2.5 in. from the sample,

P'ig. 5 shows that the intensity of x rays produced by 1.5 MeV
protons should be about the same as the intensity produced by
25 keV electrons. Although the electrons were not used
dirvecrly to excite the atmospheric samples, the larpe differ-
ence in count rate must be due primarily to the geometrical
factors, DBecause of the extremely low level of bremsstrah-
lung, proton excitation is still preferred, bu. where accel-
erators arec not avallable, the electron gun provides a good
alternative,

Atmospheric dust was the oaly substance analyzed both
qualitatively and quantitatively because of time limitations,
Differences in composition were noted between different sam-
ples indicating that the elements wer2 not homogencously dis-
tributed and that the contaminants in the air probably vary
over a period of several days. Other substances such as blood
and pulverized concrete were examined brictly to determine
the excent tc which the dilution techaique was applicable.
Many substances do not dissolve in water and thin slurries
made by mixing them with deionized watcer do not always adhere
to mylar. A low atomic nurber vacuunm greasc was used to

mount some samples vithout affcectling the spectrum, All the
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samples that were used had to be of the same area and general

shape accordinpg to theory., It was determincd by experiment
3

that below concentrations of 10°7g, a 15 to 20% variation in
area had no effcct on the observed intensirtles,

Quantitative analys)is with experimentally determined
reference standards also has its drawbacks, It is a time-
consuming process making standards fcr a large number of
elements, and they must be checked and updated periodically
to correct for variations in the detection equipment, Many
techniques have been designed to compensate for matrix
effects in various substances, but all suffer certain dis-
advantages and are limlited to a narrow range of speclimens tco
which they apply.

The use of direct clcctron excitation clso looks prome-
ising for certain applications, but its ranpge of capabilities
was not fully explored and more investigation needs to be
done in this area, The minimum beam diameter available with
tl.e system was never used experimentally, and its use would
probably further reduce matrix effects in the samples,

It is rccommended that more analysis be accomplished
using the electron gun and that certain modifications be made
to improve the sensitivity. Specifically, a new chamber
should be desigied to replace the Ortec chamber now in use.
The detector to sample path nceds to be reduced considerably,
and provisions should be made for the use of multiplc samples
and tarpets silmilar to the carousel sample holder usced in
this system., The position +f the electron gun could be made

variable to take better advantapge of its focusing
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characteristics, and to allow lonper counting times some
method of cooling the tarpet should be devised, A design
proposal for an improved sample chamber is presented in
Appendix C.

The errors incroduéed into the data were larger in many
cases than wouid be expected from counting statistics, This
probably resulted from problems associated with the detecror
and analyzer which were present throughout the experimental
period. Many runs were taken and some data discarded to
obtain consistent results but the deviations in some values
are still rather large, The statistical methorls used in
reduction of the data is included in Appendix B,

In summary, the versatility of the c¢lectron gun as an
excitation source and the higher level cf photon flux it pro-
duces gives it an advantege over radioisotope excitation even
using very active sources, Compared to proton excitation,
the main advantage of the electron gun is its lower cost and

greater availability,
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2.

7.
8,
9.

Appendix A

i1.ist of Equipment

Keithly Instruments Model 153 Microvolt-Ammeter
Spellman High Voltage Power Supply

60 kV at 1 mA
Norton Vacuum Equipment NRC 831 Ionization Gauge Control
Consolidated Vacuum Corp. Ionization Gauge Tube
Consolidated Vacuum Corp. Six-inch Oil Diffusion Pump

Nuclear Data Model 2200 Modular Multichannel Analyzer
with the following modules:

A. Memory
B. Master Control
C. Read-in/Out Display
D. Dual Parameter Input/Display
E. Analog to Digital Converter
Conversion Gains 2048
Input: D,C,
BLR: Out
F. Teletype Drive
G. Mapgnetic Tape Read
H. Magnetic Tape Control/Wiite
Peripheral LEquipment Corp. Magnetic Tape Transport
Hewlett Packard Oscilloscope
Ortec Model 452 Spectroscopy Amplifier
Coarse Gainmt luv

3 A/ sec

Shape Time:
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Output Ranges + 10v

) Output: Unipolar
Delay: Out _
, BLR: Qut

10. Technical reasuiciciiz~ Covrp. Teletype
‘ 11. Hewlett-Packard Harrison 6516A D.C. Power Supply
Bias: =-660v 1

i b, N Gt b i A4 i

% 12, General Electric Series 411 High Purity Germanium Photon i
F Spectrometer e I
3 k]

‘s
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Appendix B

Statistical Treatment

The data used to plot the reference curves was obtained
by taking a number of runs under the exact same conditions
and averaging the net counts to obtain the arithmetic mean.
The count rate fluctuated excessively between some runs
because of suspected prcoblems in the detector or analyzer and
the differences in gross counts were large. However, the
same variations were reflected in the background and the net
counts were often very close. Therefore out of necessity,
the statistical treatment was based on the net counts. The

total variation was computed from

o ﬁ-n.%
r’[x\f- 1] (28)

where N = number of readings
N = arithnetic mean

ni- net counts for each run

The standard deviation of the arithmetic mean value is then

given by
Oam I (29)
n _=——— 29
VN

The total variation includes tne instrument operation error,
counting error, sample variation ~rror, and the instrument

variation error (Ref 412). The sample variation and

80

el

:
E

T T TN T A NN

.

[

™| T

ORI (Y71

BT R [ T | T




o

R A

R e BTN

e
e RRTRRLTTTR

GEP/PH/73-16

instrument operation errors were assumed negligible compared

to the instrument variation and counting errors. The magnie-

tude of the instrument error can be estimated from the rela- f
tionship ?
B

1 R

I - [o‘cz + Cflz]f (30) —¥

where O:: = counting error E
CE = jnstrument variation ”;E

The net peak areas for a typical series of chromium runs is

bl

shown in Tabie .

Table V 5

Net Peak Areas From the Excitation of 10°°g of Curomium

g E

N et Feak Counts (ﬁ - ni; E
1 2492 400
2 2335 18769
3 2590 13924
n 2472 33092

Using the values from Table V and kEq (23) the total variation,
CYT. is computed as 128.,6. The instrument variation can then

be calculated:
1,
cri - F5}2 - OEZ]? = (16536 - 2472)% = 118.5 (31)

This result indicates that the instrument variation is the

largest error asscociated with these runs.
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The data obtained from direct electron excitation was
generslly based on one observation and the variation of the
measurements were due to random counting error alone. The
standard deviation of a measurcment is just the square root
of that measurement, With spectral peaks, the background as
well as the characteristic peak itself must be statistically

considered. Thne standard deviation is calculated from

T = (c, + )7 (32)

where C
r 8

%

Some of the computations involved the multiplication er

gross counts under the peak

background counts

division of quantities that had errors associated with their
values, and tiiese errors had to be propagated te determine
the total error., If A and B are multiplied or divided to

form C, the total error is determined by

Cr = (Cjk

5
2+(9i.)2
C A

B
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Appendix C

Proposed Chamber

The scattering chamber illustrated in Fig. 20 is pre-
posed as a replacement for the Ortec chamber used in this
study. The new chamber is designed so that the detector is
much closer to the sample to improve the sensitivity. The
carousels shown in the diagram rotate and can hold up to
six samples cr tarpget foils., Target cooling is accomplished
by extending the target carousel support through the chamber
bottom and into a liquid nitrogen reservolr, The beam cur-
rent is also measured from this support and the carousel con-
trol rod must be insulated from the chamber,

The construction of the cylindrical chamber should be
primarily of high purity aluminum with glass or plexiglass
windows in the top for visual positioning of the targets and
samples, These windows can then be cnvered with lead shields
while the gun is operating. ~hin lead sheets may be required
also on the inside shields to prevent penetration of scattered
hipgh energy bremsstrahlung which may enter the detector.,
Experimentation with shielding in the sample chamber may be

necessary to determine the optimum arrangement,
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